Wire and cable fire has become the major cause of fire disaster in China. Effective evaluation and analysis of the flammability of cables are critical for developing new flame retardant cable materials by the industry and testing cables which have already been used in the market. Due to the complex internal structure of cable, it is difficult to investigate the complete pyrolysis and combustion of the cable sheath by using the Cone calorimeter and full-scale experiment. The recently developed pyrolysis combustion flow calorimeter (PCFC) is able to measure the vital information for evaluating the flammability of cable sheath using samples of milligram size. The current study aims to assess the flammability of eight samples of seven kinds of cables that are widely used in China using PCFC. The three important parameters related to fire hazard of materials, namely the heat release rate (HRR), ignition temperature (IT) and total heat release (THR), were measured and analyzed. Detailed differences in flammability among the eight samples were differentiated by PCFC.
Introduction
With widely application of the cable in the industrial and civilian building, the safety and reliability of cable are focused increasingly. The fire statistics in the past several years illustrate that the electrical fire account for 30% of the causes of fire, which is the main cause of fire in China [1] [2] [3] [4] [5] [6] [7] [8] . Generally, the cable fire spreads in the ceiling and the cable shaft rapidly. The stealthy spread of cable fire increases the difficulty of fire-fighting and rescue. Moreover, cable fire produces large amounts of toxic and harmful gases that diffuse into a larger area through the ceiling and the cable shaft readily. With the rapid social and economic development, urban building complex that combines multi-type enclosure spaces and urban functions in one becomes the new trend of building development. Transportation Hub Complex (THC) is a typical representative of the urban building complex. The THC fire possesses a variety of features in high fire risk areas, such as the underground space, tunnel and large space. In the THC, cables are applied extensively and laid intensively. Therefore, fire load of cable is large. In addition, cable is widely used in some industrial areas, such as the nuclear power plant with the requirement of higher cable fire safety. The sheath is the main combustible part of the cable. At present, the common material of cable sheath includes polyethylene (PE), cross-linking polyethylene (XLPE), rubber and polyvinyl chloride (PVC). Among them, PVC accounting for 60% of the polymer used in wire and cable, as one of the world's top five common plastic, is the main cable sheath material. Both the flame combustion and smoldering of cable sheath material will release large amounts of toxic and hazardous gases. The more comprehensive analysis and comparison of the combustion characteristics of cables can help us to better understand the fire risk of cable.
On the issue of cable fire, Fu et al. [9] , Ma et al. [10] , Henrist et al. [11] , Cheng et al. [12] , and Gao [13] have studied the thermal degradation characteristics of the typical PVC cable, which is widely used in China. Zhu et al. [14, 15] and Benes et al. [16] have explored the degradation of PVC sheath of cable using thermogravimetry (TG) method. The standardized testing methods of cable flammability are generally divided into two categories, namely the European system and the American system. The European system mainly includes EN, BS and ISO standards. The American system is generally considered to include UL, ASTM and AEIC. The most significant difference between the two systems mainly reflected in vertical burning tests on bunched cables. The mainstream testing methods currently used by the industry and the research community to evaluate the flammability include limiting oxygen index (LOI, ASTM D2863 or BS ISO 4589-2), vertical burning test, 45° burning test, Cone calorimeter, TG and differential scanning calorimetry (DSC). However, all of these testing methods are generally inadequate to measure the vital pyrolysis and combustion characteristic of cable sheath [17, 18] .
LOI showed good correlation to the results of other practical testing methods such as UL 94 [19] . However, research showed that LOI results were not able to predict the real fire performance in most cases [20] . LOI uses a downward burning configuration which has different characteristics of burning rate and heat transfer from that of most real fire. Moreover, LOI is conducted in an environment for which oxygen concentration is mostly higher than atmospheric. Vertical burning and 45° burning testing methods are not only used to evaluate polymer flammability specified by the U.S. federal regulations 16 CFR 1615/1616 and 16 CFR 1610, respectively [21] , but also used as international standards (ASTM D 6413 and ASTM D 1230, respectively). The main deficiency of vertical burning and 45° burning testing methods is that it is semi-quantitative. The measurement of thermal analysis methods, such as TG and DSC, is quantitative. However, the experimental data of TG and DSC can only be used to illustrate the characteristics of thermal decomposition and degradation, rather than combustion. Moreover, all the testing methods mentioned above are not able to provide heat release rate (HRR) [18] . Research has demonstrated that HRR is the most significant parameter in characterizing flammability behaviors, evaluating and predicting fire hazards of flammable materials [22] . To evaluate HRR and other related parameters, Cone calorimeter has been developed. Currently, Cone calorimeter has been widely used in predicting fire hazard as international standards (ASTM E1354, ASTM D6113 and ISO 5660) [23] . However, it is difficult to utilize Cone calorimeter to explore the flammability behaviors due to the complex internal structure and special shape of the cables.
Pyrolysis combustion flow calorimeter (PCFC, also referred to as micro-scale combustion calorimetry, MCC) has a dynamic capability to measure HRR and other related parameters using samples in a few milligrams sizes based on the quantity of oxygen consumed in a non-flaming oxidation process, thus avoiding the problems of sample preparation encountered for Cone calorimeter [24] [25] [26] . PCFC separately simulate the solid phase state (pyrolysis) and gas phase processes (combustion) of flaming combustion. First, the sample is heated in a controlled pyrolysis state under nitrogen gas flow or a mixture of oxygen and nitrogen gas flow. Then the pyrolyzate is rapidly oxidized in excess oxygen at a high temperature [26] . The PCFC method has been established as a standard testing method (ASTM 7309) for the analysis of solid materials in 2007.
Good correlations were observed between the data of PCFC and those of other testing methods for flame retardant polyolefin and other polymer materials [27, 28] . Xie et al. [29] carried out TG, Fourier Transform Infrared Spectrometry (FTIR) and PCFC experiments for the pyrolysis properties of old and new cables. However, their research only focused on PVC cable.
In this study, the testing of the combustible part of the cables (sheath and oxygen barrier) is conducted using PCFC. All the cables under experimental research are commercial cables which are being sold on the Chinese market. The experimental results are analyzed combining with Cone calorimeter to study the fire risk of samples comprehensively. The results are able to provide experimental data for the fire load evaluation of cables. Eight samples are tested by PCFC. The three important parameters related to fire hazard of materials, namely the heat release rate (HRR), ignition temperature (IT) which also known as the temperature at the peak heat release rate (TPHRR), and total heat release (THR), were measured and analyzed. Detailed differences in flammability among the cable samples were differentiated by PCFC. In addition, a part of experimental results obtained from Cone calorimeter is also used for the comprehensive analysis of the cable fire risk.
Experimental

Materials
All the samples were taken from the commercially available cables widely used in China. There is no further treatment on the cable sheaths except for cutting them into granules. Seven kinds of cables sheaths were investigated: HKEJE-K3 (gray), HKEJE-K3 (blue), HKEJE-K3 (black), ZA-YJA, KVV, YC and ZCN-YJV cable. The nomenclature of these cable complies with national standards of China GB/T12706-2008 [30] , GB/T19666 -2005 [31] and GB9330 -2008 [32] . GB is the written abbreviation of 'Guo Biao' in Chinese phonetic alphabets (ISO7098 [33] ), which means 'national standard' in Chinese. HKEJE-K3 (gray) donates Polyolefin Low Smoke Halogen Free -Flame Retardant (LSHF-FR) control cable in class 1E Category K3 for nuclear power station, which has XLPE insulation and PE sheath. HKEJE-K3 (blue) donate Polyolefin Low Smoke Halogen Free -Flame Retardant (LSHF-FR) control cable in class 1E Category K3 for nuclear power station, which has XLPE insulation and XLPE sheath. The HKEJE-K3 (black) utilizes the same insulation and sheath materials as HKEJE-K3 (blue), while they were produced by different companies. ZA-YJA donates copper core power cables in flame retardant Class A, which has XLPE insulation and moisture barrier PE sheath. KVV donates copper core control cables with PVC insulation and sheath. YC donates rubber cables. ZCN-YJV donates copper core fire-resistant cables in flame-retardant class C, which has XLPE insulation and PVC sheath. The materials of seven kinds of cable insulation and sheath are divided into four categories: PVC, PE, XLPE and rubber.
The flame-retardant cable is mainly used for the situation which has a higher demand on fire safety, such as large buildings, tunnels, petrochemical industry, power stations and mining. When a fire occurs, flame-retardant cable is able to prevent the spread of fire in the cable. In accordance with GB/T19666 [31] , flame retardant cable is divided into Class A, B, and C. The flame retardant requirements of cable in class A is the highest, and the price is also the most expensive.
According to the flame retardant material, the flame retardant cable is divided into two categories: halogen-containing and halogen-free flame retardant cable. The insulation and sheath of halogen-containing flame retardant cable applies PVC flame-retardant materials. The insulation and sheath of halogen-free flame retardant cable applies XLPE flame-retardant materials.
Fire-resistant cable is not only flame-retardant, but also able to maintain the normal operation in a certain time in the combustion situation. It is mainly used for emergency power supply of fire protection facility in the building, fire alarm equipment, emergency lighting, ventilation and smoke exhaust system and emergency elevator, etc.
The structure of fire-resistant cable is basically same as general cable. The main difference between them is that fireresistant cable adopt the copper conductor with good fire resistance (melting point of copper is 1356K), and add the fireresistant layer between the conductor and the insulation layer. Fire-resistant layer of cables does not affect our experimental results, because only the sheath of the fire-resistant cable was tested in our PCFC experiments.
Seven kinds of cable sheaths and one kind of oxygen barrier were chosen as the experimental samples of PCFC. The materials of experimental samples are shown in Table 1 . Before the PCFC experiment, some samples were tested by Cone calorimeter. Some experimental parameters of Cone calorimeter are shown in Table 2 .
The subject of PCFC experiment is the combustibles in cables. The mass percentages of combustible of some cables are listed in Table 2 . Since the pyrolysis and combustion of samples are forced to completion in the PCFC experiment, it is significant to consider the mass percentage of combustible so as to comprehensively evaluate the fire hazard of different types of cable. 
PCFC measurement
To effectively evaluate and analyze the flammability of different cable sheaths, micro-scale combustion tests were carried out on the Federal Aviation Administration's Pyrolysis Combustion Flow Calorimeter. The samples were tested according to ASTM D7309-2007 (Method A) which specifies that the degradation of the samples takes place in a nitrogen atmosphere. The HRR, IT, TPHRR and THR of samples were measured.
Cable sheaths were stripped off and cut into granules with approximately 1mm diameter as the sample of the experiment. Samples were 5 mg (±0.5 mg) in weight and were heated in an 80 cm 3 /min stream of nitrogen using a linear heating rate of 1 K/s. The anaerobic thermal degradation products (fuel gases) were mixed with a 20 cm 3 /min stream of oxygen prior to entering the 900 °C combustion furnace to measure the data which were determined by oxygen consumption. The schematic of PCFC is shown in Fig. 1 .
Three repeated tests were conducted for each sample and the repeatability research was conducted in this investigation. The parameters of samples presented in this paper are the mean values of the triplicate measurements. The formation of fuel gases by the degradation of plastics samples and the combustion condition of fuel gases were carefully discussed by Lyon RE et al. [24] [25] [26] . ASTM D7309 provides a series of pure polymers which can be used as reference materials. Data for various polymers were listed in the literature [24] . For this research, some pure polymer materials can be used as a reference material. 
Results and discussion
The repeatability of measurements is assessed by conducting three measurements on the same samples of HKEJE-K3 which is randomly selected. The three HRR vs. temperature curves are shown in Fig. 2 (a) .
The THR, PHRR and IT of the three measurements and their standard deviations and coefficient of variations are presented in Table 3 . The coefficients of variation of all the parameters for three replicated measurements are well below 5.0% as specified by the instrument manufacturer.
The HRR vs. temperature curves of eight samples are shown in Fig. 2 (b) . THR, PHRR and IT are shown in Table 4 . As shown in Fig. 2 (b) , the PHRR and THR of PE and XLPE sheaths are generally greater than other sheaths. However, the temperature above which decomposition starts and IT of PE and XLPE sheaths are also relatively high. The PHRR and THR of PE oxygen barrier of HKEJE-K3 is much lower than that of the PE or XLPE sheaths. The heat resistance of PE oxygen barrier is higher than that of PE or XLPE sheaths. Although the PHRR of moisture barrier PE sheath (194.3 W/g) is approximately equal to the PHRR of PE oxygen barrier (208.7 W/g), the IT of moisture barrier PE sheath (296.9 °C) is about 170 °C lower than the IT of PE oxygen barrier (469.3 °C). Therefore, The THR of moisture barrier PE sheath (14086.4 J/g) is much greater than that of PE oxygen barrier (9853.6 J/g). The PHRR and THR of PVC sheath are not the greatest among the eight samples, but the temperature above which decomposition starts and IT are much lower than that of PE or XLPE sheaths. PVC sheaths show a greater fire risk. PVC and rubber sheaths are much easier to be ignited. The HRR vs. temperature curves of sample 1 to 4 are symmetric shapes with a single peak. The curves of sample 5 to 8 are nonsymmetric shapes with the second main peak. The decomposition and combustion of samples 5 to 8 last a longer time than samples 1 to 4.
(a) (b) Fig. 2 . Illustration of (a) the three curves of HRR vs. temperature and (b) the HRR vs. temperature curves of eight samples. 
HKEJE-K3 cables from different suppliers
HKEJE-K3 (blue) and HKEJE-K3 (black) are the same type of cables for nuclear power station. The samples were purchased from different companies and factories. In order to ensure the universal applicability and credibility for the tests, two experimental samples of one experimental object from two different companies and factories were randomly selected. The HRR vs. temperature curves of the two samples are shown in Fig. 3 (a) . It can be seen from Fig. 3 (a) that the HRR vs. temperature curves of them are almost identical.
Oxygen barrier of HKEJE-K3, PE and XLPE sheaths
The HRR vs. temperature curves of the oxygen barrier of HKEJE-K3, PE and XLPE sheaths are shown in Fig. 3 (b) . The IT of HKEJE-K3 (blue) (476.7 °C) is higher than that of HKEJE-K3 (gray) (469.0 °C) in Fig. 3 (b) . It is mainly because that the XLPE sheaths of HKEJE-K3 (blue) have a higher thermal stability than the PE sheaths of HKEJE-K3 (gray). The PHRR peak of HKEJE-K3 (blue) is narrower than that of HKEJE-K3 (gray), indicating the thermal degradation temperature range for HKEJE-K3 (blue) is much narrower than that for HKEJE-K3 (gray). This means that XLPE sheaths of HKEJE-K3 (blue) decompose at a higher temperature and the decomposition of PE sheaths of HKEJE-K3 (gray) is relatively slow. Due to the decomposition in a short time at higher temperatures, the PHRR and THR of the XLPE sheaths of HKEJE-K3 (blue) are greater. HKEJE-K3 (gray) sheath has the same main components with oxygen barrier as HKEJE-K3. They are constituted by PE adding inorganic flame retardants. However, the PHRR and THR of oxygen barrier are much lower than that HKEJE-K3 (gray) sheath. The main reason is that oxygen barrier was filled with more inorganic flame retardants. In the oxygen barrier, the mass ratio of inorganic flame retardants, such as Al(OH) 3 and Mg(OH) 3 , is 15%, which is much higher than 8% in the HKEJE-K3 sheath.
(a) (b) Fig. 3 . Illustration of HRR vs. temperature curves of (a) HKEJE-K3 (blue) and HKEJE-K3 (black) sheaths and (b) Oxygen barrier, PE and XLPE sheaths of HKEJE-K3.
PE sheaths and moisture barrier PE sheaths
The HRR curves of PE sheath of HKEJE-K3 (gray) and moisture barrier PE sheath are shown in Fig. 4 . PE sheath is significantly more heat-resistant than moisture barrier PE sheath. It remains chemically stable until the temperature is increased to 350 °C, above which decomposition occurs, and the HRR reaches maximum (292.7 W/g) at 390 s. The moisture barrier PE sheath starts to decompose at 200 °C and the decomposition reaches maximum (194.3 W/g) at 208.5 s. The moisture barrier PE sheath has a second HRR peak (69.3 W/g) at 460 °C. Although THR of the two samples are almost the same, moisture barrier PE sheath is much easier to pyrolysis and ignite.
PVC and rubber sheaths
All the PVC and rubber sheaths have a second HRR peak. The first HRR Peak is generated by the combustion of the pyrolysis gases and the second HRR Peak is generated by the char oxidation. PCFC experiments were conducted in dry air condition. The pyrolysis and combustion took place in the presence of oxygen during the whole process and all of the char was oxidized. The PHRR (147.8 W/g) and IT (391 °C) of YC cable are not the highest among the eight samples, but the THR (15331.9 J/g) is relative high. Therefore, the THR are not only relating to PHRR, but also to the detailed process of pyrolysis. Additionally, it is noticed that the combustible percentage of rubber cable shown in Table 2 is 74.0%. The more fire load increases the fire risk of rubber cable.
The second HRR peak of PVC sheaths are more obvious than Rubber sheath. The valley between the two peaks is also much wider than that of rubber sheath. Moreover, both of the two PVC sheaths start to decompose at about 200 °C and the decomposition reaches maximum at about 300 °C. Therefore, the PVC cables have the largest fire risk among all of the samples. Additionally, it is noticed that, for the sheaths with the same chemical composition, although the PHRR or THR is different, the IT of them are basically identical. 
Conclusions
The PCFC was used to investigate the thermal decomposition and flammability of several kinds of typical commercial cables. Seven kinds of cables which were widely used in China were selected as the test samples. The three PCFC parameters of the seven kinds of cable sheaths and one kind of oxygen barrier, namely the PHRR, IT and THR, were measured and analyzed. Due to the complex internal structure of cable, it is difficult to investigate the complete pyrolysis and combustion of cable sheath by using Cone calorimeter and full-scale experiment. In the PCFC experiment, pyrolysis and combustion of small (milligram) samples are forced to completion. The dripping and wicking behavior of samples are not considered, nor the thickness and volume of samples. Therefore, the vital information for evaluating a cable sheath material's flammability can be provided.
Wire and cable fire has become the major cause of fire disaster in China. Moreover, Wire and cable fires, especially which occurred in the underground space of urban building complex, are more difficult to extinguish than other types of fire. Therefore, the evaluation of cable fire hazard and fire load is essential for practical applications. The results of this investigation will be useful to evaluate the cable fire hazard and fire load of typical cables in china.
